The autophagy-lysosomal pathway is an intracellular degradation process essential for maintaining neuronal homoeostasis. Defects in this pathway have been directly linked to a growing number of neurodegenerative disorders. We recently revealed that Snapin plays a critical role in co-ordinating dynein-driven retrograde transport and late endosomal-lysosomal trafficking, thus maintaining efficient autophagy-lysosomal function. Deleting snapin in neurons impairs lysosomal proteolysis and reduces the clearance of autolysosomes. The role of the autophagylysosomal system in neuronal development is, however, largely uncharacterized. Here, we report that snapin deficiency leads to developmental defects in the central nervous system. Embryonic snapin −/− mouse brain showed reduced cortical plates and intermediate zone cell density, increased apoptotic death in the cortex and third ventricle, enhanced membrane-bound LC3-II staining associated with autophagic vacuoles and an accumulation of polyubiquitinated proteins in the cortex and hippocampus. Thus our results provide in vivo evidence for the essential role of late endocytic transport and autophagy-lysosomal function in maintaining neuronal survival and development of the mammalian central nervous system. In addition, our study supports the existence of a functional interplay between the autophagy-lysosome and ubiquitin-proteasome systems in the protein quality-control process.
INTRODUCTION
Neuron maintenance and survival require retrograde transport of late endocytic organelles from synaptic terminals and distal processes to the soma, where late endocytic trafficking events deliver target materials and internalized proteins to lysosomes for degradation [1] . Autophagy is a homoeostatic process whereby autophagosomes deliver bulk cytoplasmic components and organelles to lysosomes by forming degradative autolysosomes. These two processes rely on the same late endocytic trafficking pathway, which is crucial for the maturation and degradative capacity of the autophagy-lysosomal system.
Dynein-driven retrograde transport of late endocytic organelles is particularly challenging for neurons, as most acidic mature lysosomes are generated in the soma and proximal axon [2] . Thus elucidating the mechanisms regulating late endocytic transport and autophagy-lysosomal function in neurons will be critical for the understanding of clearance of aggregate-prone intracytosolic proteins that are associated with a range of neurodegenerative diseases. A recent study from our laboratory uncovered a new mechanism that regulates the autophagy-lysosomal function by co-ordinating two dynamic cellular processes: dyneinmediated late endocytic transport and endosome-lysosome trafficking [3] . Snapin acts as an adaptor that links late endosomes to the dynein motor through direct binding to dynein intermediate chain. Snapin-dynein-mediated retrograde transport is essential for the delivery of late endosomal cargo from distal processes to the soma, where late endosomes and lysosomes come into sufficient proximity for high-efficiency membrane trafficking by the motor-driven force. Such a mechanism enables neurons to maintain proper degradative capacity and cellular homoeostasis via the autophagy-lysosomal pathway.
An impaired autophagy-lysosomal system has been associated with the pathogenesis of neurodegenerative diseases [4, 5] . Protein quality control via the autophagy-lysosomal system helps maintain cellular homoeostasis and therefore cell survival [6] . Mouse mutations in autophagy essential and regulatory elements result in early embryonic death [7] or embryonic survival but with nutrient and energy insufficiency soon after birth [8, 9] and neurodegeneration [10, 11] . In mouse embryos, functional deficiency of Ambra1, a positive regulator of autophagy, leads to severe neural tube defects associated with the accumulation of ubiquitinated proteins and increased apoptotic cell death [12] . How the processes linking late endocytic transport and the autophagy-lysosomal function regulate the development of the central nervous system is, however, largely uncharacterized.
Because snapin-KO (knockout) mice exhibit embryonic and neonatal death, in the present study, we investigated whether snapin deficiency in mice leads to developmental defects in the central nervous system. Our present study shows that snapin −/− embryonic mouse brains display reduced cell density, increased apoptotic death, enhanced LC3-II-labelled autophagic vacuoles and an aberrant accumulation of polyubiquitinated proteins. Thus the snapin-KO embryos provide us with a genetic tool for characterizing the role of late endocytic transport and the autophagylysosomal system in embryonic development of the mammalian central nervous system.
MATERIALS AND METHODS

Animal handling
The care and use of animals were carried out in accordance with NIH (National Institutes of Health) guidelines and were approved by the Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke/National Institute on Deafness and Other Communication Disorders, NIH.
Immunocytochemistry
E18 (embryonic day 18) snapin
+/+ and snapin −/− mouse pups were removed from the uterus and dissected in ice-cold Hanks balanced salt solution. The brain was removed and fixed in 4 % (w/v) paraformaldehyde in PBS. The whole brain was embedded in paraffin and sectioned into 8 μm-thick slices. Three animals were used for each genotype. For the cell density study, 15 coronal sections were chosen from each animal. Cells were stained with haematoxylin and eosin (Fisher Scientific). NIH ImageJ was used to quantify cell density. Antibodies specific for the neuronal nuclear marker NeuN (neuronal nuclei) (Chemicon) and ubiquitin (Dako) were used as per the manufacturer's instructions, followed by TO-PRO-3 (Invitrogen) staining.
The Apotag Plus Peroxidase In Situ kit (Chemicon) was used for TUNEL (terminal deoxynucleotidyl transferasemediated dUTP nick-end labelling) staining. Briefly, the paraffinembedded tissue was washed three times with xylenes, followed by three washes with ethanol. After treating with freshly prepared Protein K (20 μg/ml), TdT (terminal deoxynucleotidyl transferase) and digoxigenin conjugate were applied directly to the samples to visualize the apoptotic cells. TUNEL-positive cells were counted at ×40 magnification (fields per brain slice) and expressed as a percentage ratio of the total cell number as determined by fluorescence.
For LC3 staining, the paraffin-embedded tissue slices were deparaffinized in xylene and retrieved by microwaving for 20 min in 0.01 M citrate buffer and subsequently cooled in retrieval buffer for 40 min. The slices were incubated with 20 % (v/v) NGS (normal goat serum) plus 0.4 % saponin at room temperature (25 • C) for 30 min and probed with an anti-LC3 antibody (Novus Biologicals) at room temperature for 30 min. After three washes with 1× PBS, the fluorescent conjugate anti-IgG antibody (Molecular Probes) was used.
Image acquisition
Confocal images were obtained using a Zeiss LSM 510 microscope with sequential-acquisition settings. For fluorescence quantification, images were acquired below saturation using the same settings at 1024×1024 pixels resolution (12 bit). Morphometric measurements were made using Image-Pro Plus (Media Cybernetics), Metamorph (Universal Imaging) or NIH ImageJ.
Immunoblots
Brains from E18 snapin +/+ and snapin −/− mice were homogenized in TBS buffer [50 mM Tris/HCl, pH 7.4 , 150 mM NaCl, 1 % Triton X-100, plus protease inhibitors (1 mM PMSF, 10 mg/ml leupeptin and 2 mg/ml aprotinin)]. A 20 μg portion of the homogenates was loaded, processed for SDS/PAGE and sequentially detected with monoclonal antibodies against ubiquitin (Santa Cruz Biotechnology) and p115 (BD Transduction Laboratories), and a polyclonal antibody against Snapin (SYSY). Horseradish-peroxidase-conjugated secondary antibodies and ECL ® (enhanced chemiluminescence) reagents (GE Healthcare) were used to visualize proteins of interest. For detection with different antibodies, blots were stripped in a solution of 62.5 mM Tris/HCl (pH 7.5), 20 mM dithiothreitol and 1 % SDS for 20 min at 50
• C with agitation and subsequently subjected to two washes each for 15 min in TBS/0.1 % Tween 20.
For quantitative analysis, protein bands detected by ECL ® were scanned into Adobe Photoshop CS3 and analysed using Gel-Pro 4.5 protein imaging software (Media Cybernetics). During the exposure of the ECL ® film, care was taken that intensity readouts were in the linear range of the standard curve blot detected with the same antibody. The normalized percentage of polyubiquitin and Snapin levels from snapin-deficient mice relative to that of WT (wild-type) littermates was calculated using standard curves for the same proteins. The results of Student's t tests for three pairs of snapin littermates are expressed as means + − S.E.
Statistical analysis
Images are representative of >15 sections from three pairs of littermates. Immunoblots are representative of six experiments. Statistical analyses were performed using the Student's t test and are presented as means + − S.E.M.
RESULTS
Reduced cell density in cortical plates and intermediate zones of snapin −/− embryonic mouse brains
Snapin-KO mice generated from the inbred BL/6J line were recovered at an atypical proportion (0.24:0.58:0.18) due to increased lethality before E14.5 for homozygotes. Homozygous mutant pups are smaller than WT pups and die within 6 h of birth. There were no observable changes in mouse development between snapin heterozygous (snapin +/ − ) and WT (snapin +/+ ) littermates. Our previous study showed that snapin deficiency results in defective priming of large dense-core vesicles for fusion in mouse chromaffin cells [13] and reduced and unsynchronized synaptic vesicle release in mouse cortical neurons [14] . Impaired synaptic transmission, however, is not sufficient to explain why the homozygous deletion of snapin causes mouse perinatal death.
In addition to its association with synaptic vesicles, Snapin is present in membrane-associated fractions [15] , is co-purified with BLOC-1 (biogenesis of lysosome-related organelle complex-1) [16] and is enriched in the late endocytic membrane [17] , highlighting its multivalent role in intracellular trafficking events. Using biochemical, cellular and time-lapse imaging approaches in snapin mutant cortical neurons, combined with gene rescue experiments, we recently revealed that Snapin plays a critical role in co-ordinating late endocytic transport and lysosomal maturation, two dynamic cellular processes required for the proper function of the neuronal autophagy-lysosomal system [3] .
To determine whether snapin deficiency also affects embryonic central nervous system development, we co-stained paraffin sections from snapin +/+ and snapin −/− brains at E18 with haematoxylin and eosin. The cerebral cortex and hippocampus in snapin −/− embryos are smaller than those of WT littermates ( Figure 1A Snapin deficiency results in reduced viability, axonal swelling and neurodegeneration in cultured neurons [3] . We next performed apoptosis analysis to determine whether the reduced neuron number observed in the snapin −/− embryonic brain was attributable to cell death. The TUNEL assay revealed a remarkable increase in cell death in the cerebral cortex and third ventricular region of 
Increased LC3-II-labelled autophagosomes in snapin
−/− embryonic cortex
Snapin deficiency results in reduced maturation of lysosomes and impaired turnover of autolysosomes in cultured cortical neurons [3] . Reintroducing the snapin transgene into snapin −/− cells rescued the phenotype, indicating its critical role in maintaining a balance between the rate of autophagic sequestration and completion of degradation. To determine whether snapin deficiency impairs autophagy in the mouse embryonic central nervous system, we immunostained the E18 mouse cortex with an antibody against the autophagic marker LC3. This antibody detects two forms of LC3: cytosolic LC3-I and autophagic membrane-targeted LC3-II. LC3-II is a lipidated form of LC3-I and is eventually degraded by lysosomal hydrolases [18] . Snapin deletion in cultured cortical neurons increases the conversion of LC3 from cytosol into autophagic vacuoles, reflecting a reduced clearance of autolysosomes due to impaired lysosomal degradative capacity [3] . LC3 staining was primarily cytosolic and diffuse in the snapin +/+ cortex ( Figure 3A) . In contrast, in snapin −/− mice, LC3-staining exhibits a vesicular punctate pattern throughout the cortex ( Figure 3B) . Consistent with our observations in cultured neurons [3] , deleting snapin in embryonic mouse brain results in enhanced translocation of cytosolic LC3-I into membrane-bound and autophagic vacuole-enriched LC3-II. Intracellular protein quality control via the autophagy-lysosomal system is particularly important for maintaining cellular homoeostasis and cell survival [6] . Defects within this system ultimately lead to impaired neurodevelopment [12] and neurodegeneration [10, 11] . The reduced cell density in snapin −/− embryonic mouse brains is probably due to impairment of the autophagy-lysosomal system.
Aberrant accumulation of polyubiquitinated proteins in snapin −/− embryonic mouse brain
In addition to the autophagy-lysosomal system, the ubiquitinproteasome system accounts for a more selective intracellular protein degradation. Impairment of autophagy in the central nervous system is accompanied by the accumulation of ubiquitinated proteins [10] [11] [12] . Thus we explored whether the levels of polyubiquitinated proteins are altered in the snapin-deficient embryonic mouse brain. Immunoblots of brain homogenates show that the signal intensity of polyubiquitinated proteins is significantly increased in snapin homozygous mutant brains ( Figures 4A  and 4B) ; as a control there is no observable difference in the Golgi marker p115 among littermates of all three genotypes. Next, we examined ubiquitin expression in E18 mouse brains by co-immunostaining with antibodies against ubiquitin, a neuronal nuclear marker (NeuN) and nuclei (TO-PRO-3). Ubiquitinpositive aggregates and inclusion bodies were present in cells that were also positive for NeuN in snapin −/− embryonic cortex and hippocampus. In contrast, a few ubiquitin-positive puncta were . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . detected in the snapin WT mouse brain under the same experimental conditions (Figures 4C and 4D) . Both biochemical and immunohistochemical assays consistently suggest that defective autophagy-lysosomal pathways lead to the accumulation of polyubiquitinated proteins in the embryonic mouse brain, reflecting severe impairment of the cellular degradation and homoeostatic processes in the central nervous system. Thus our results indicate that Snapin has a central role in the clearance of unfavourable proteins and neuronal survival.
DISCUSSION
As the main synthetic and degradative compartments are located in the soma, the maintenance of neuronal function and survival is dependent upon efficient intracellular transport. Longdistance retrograde transport returns organelles to the soma and requires minus-end-directed dynein motors. Late endocytic membrane trafficking, which delivers internalized materials and newly synthesized hydrolases into lysosomes, is critical for maintaining efficient degradation capacities [1] . Autophagy is a critical homoeostatic process in which autophagosomes, containing bulk cytoplasmic components and organelles, fuse with lysosomes to form degradative autolysosomes [19] [20] [21] [22] [23] . Snapin acts as an adaptor that links late endosomes to dynein motors and therefore plays a key role in co-ordinating dynein-driven retrograde transport, late endosomal-lysosomal trafficking and lysosomal maturation [3] . The co-ordination of these processes in neurons is essential for the maintenance of efficient degradation capacity and cellular homoeostasis via the autophagy-lysosomal pathway.
The role of these dynamic cellular processes in the development of the central nervous system, however, remains to be evaluated.
It is well established that autophagy helps control cell proliferation and promote cell survival. Altered autophagy function has been linked to cell death [24, 25] , although the question of whether mammalian cell death can occur directly by autophagy or just programmed cell death accompanied by altered autophagy remains to be addressed [26] . The application of the autophagylysosomal fusion inhibitors bafilomycin A1 and chloroquine leads to the accumulation of LC3-II-labelled autophagic vesicles and cell apoptosis [27, 28] . Between early embryonic stages and adulthood, more than half of the neurons in the developing nervous system are eliminated by programmed cell death under physiological and pathological conditions [29] . Impairment of the autophagy-lysosomal system has been implicated in the pathogenesis of a number of neurodegenerative diseases [6] . The autophagy-regulatory Atg family members are highly conserved throughout evolution from the yeast to eukaryotes. Deficiency in a principal regulator of autophagosome formation, Beclin 1 (Atg6), produces lethality at E7.5 due to failed visceral endoderm formation [7, 30] . The Beclin-interacting protein Ambra-1 is exclusively expressed in vertebrates and regulates autophagy by forming a complex with Beclin and Vps34 (vacuolar protein sorting 34). Ambra1 deletion severely inhibits the Beclin1-mediated induction of autophagy. Mouse embryos deficient in Ambra-1 die during embryonic stages and display defects in neural tube closure and cell death [12] . Thus cell survival, especially during nervous system development, depends upon the proper function of autophagy pathways.
In the present study, we focused on evaluating the role of Snapin-co-ordinated cellular processes in the development of the central nervous system using the snapin-deficient mouse embryonic brains. This study demonstrates that defective transport of late endosomes results in the following three major defects: (i) reduced cell density in cortical plates and intermediate zones; (ii) increased neuronal death in the cortex and third ventricular region; and (iii) the accumulation of LC3-II-labelled autophagic vacuoles and polyubiquitinated proteins in the cortex and hippocampus. Thus, the present study provides a new line of in vivo evidence that Snapin-mediated and dynein-driven retrograde transport of late endosomes is necessary for the maintenance of neuronal survival and development of the mammalian central nervous system.
The ubiquitin-proteasome and autophagy-lysosome pathways are the main cellular processes responsible for the clearance of misfolded and/or aggregated proteins and dysfunctional organelles in eukaryotic cells (see the review [31] ). Dysfunction of these pathways contributes to the pathology of various
neurodegenerative conditions (see the review [5] ). Polyglutamine-expansion mutations, mutant forms of α-synuclein and different forms of tau protein are cleared mainly by the autophagy-lysosomal pathway [32] [33] [34] [35] [36] [37] [38] . Targeted mutation of essential and regulatory autophagy genes leads to the formation of polyubiquitinated aggregates and excessive apoptotic cell death in mouse brains [8, 11, 12] . In our snapin −/− mouse embryonic brains, we consistently observed impaired turnover of autolysosomes and increased accumulation of polyubiquitinated aggregates, both indicative of defects in degradative processes. Thus Snapin-mediated late endocytic transport is essential for protein quality control and neuronal survival.
It is also possible that Snapin-mediated and dynein-driven retrograde transport delivers survival signals, such as neurotrophin-Trk (tropomyosin receptor kinase) complexes packaged in 'signalling endosomes', to the soma [39] [40] [41] . Snapin deficiency may impact neuronal survival more prominently during the early development stage. It will be interesting to examine the transport properties of these 'signalling endosomes' in the snapin −/− mouse model in future studies. In addition, the snapin-KO mouse represents one of the few genetic models with such striking phenotypes and will serve as a unique genetic tool for characterizing the role of late endocytic transport in the clearance of aggregated protein and dysfunctional organelles during neurodevelopment and neurodegeneration.
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